We revisit the sunspot drawings made by the Japanese astronomer Kunitomo Toubei during 1835-1836 and recount the sunspot group number for each image. There are two series of drawings, preliminary (P, containing 17 days with observations) and summary (S, covering 156 days with observations), all made using brush and ink. S is a compilation of drawings for the period from February 1835, to March 1836. Presently, the P drawings are available only for one month, September 1835; those of other periods have presumably been lost. Another drawing (I) lets us recover the raw group count (RGC) for 25 September 1836, on which the RGC has not been registered in the existing catalogs. We also revise the RGCs from P and S using the Zürich classification and determine that Kunitomo's results tend to yield smaller RGCs than those of other contemporary observers. In addition, we find that Kunitomo's RGCs and spot areas have a correlation (0.71) that is not very different from the contemporary observer Schwabe (0.82).
position (latitude and longitude) of the sunspot groups in Kunitomo's drawings.
Introduction
Sunspot group counts are widely used to review and reconstruct past solar activity (Vaquero, 2007; Vaquero and Vázquez, 2009; Hathaway, 2010; Clette et al., , 2015 Clette et al., , 2016 Clette and Lefèvre, 2014) . These data are important not only for reconstructing previous solar activity, but also for providing a basis for theoretical investigations of the solar dynamo (e.g. Hotta et al., 2016; Ghizaru et al., 2010; Brown et al., 2011) , and prediction of future solar cycles (e.g., Svalgaard et al., 2005; Iijima et al., 2017) . Sunspot data span from 1610 and represent one of the longest ongoing scientific records (Owens, 2013; Vaquero et al., 2016) .
Rudolf Wolf and his successors systematically collected these records to reconstruct the Wolf sunspot number, which is based both on group and individual spot counts since 1700 (e.g., Waldmeier, 1961) . Schatten (1998a, 1998b) conducted further surveys to develop a group sunspot number that extends back to 1610. Recent studies have revisited these two sunspot number time series, added the data, and improved the methodology (e.g. Vaquero et al., 2016; Svalgaard and Schatten, 2016) . These attempts are based on fundamental studies of historical sunspot observations and sunspot drawings (e.g. Arlt, 2008 Arlt, , 2009a Arlt, , 2009b Arlt et al., 2011 Arlt et al., , 2013 Arlt et al., , 2016 Carrasco et al., 2015a Carrasco et al., , 2015b Vaquero, 2007; Vaquero et al., 2007 Vaquero et al., , 2011 Willis et al., 1996 Willis et al., , 2013a Willis et al., , 2013b Willis et al., , 2016 Lockwood et al., 2016a Lockwood et al., , 2016b Lockwood et al., , 2017 Usoskin et al., 2015; Svalgaard, 2017; Cliver, 2017; Hayakawa et al., 2018c .
In addition to the counts of groups and spots, sunspot areas (Vaquero et al., 2002 (Vaquero et al., , 2004 Hathaway et al., 2002) , lifetimes, and decay rates (Gesztelyi and Kalman, 1986; Petrovay and van Driel-Gesztelyi, 1997; Petrovay et al., 1999; Henwood et al., 2010; Namekata et al., 2019) , and locations (Arlt, 2009; Usoskin et al., 2009; Arlt et al., 2013; Arlt and Weiss, 2014) have also been considered. Based on the datasets of the Royal Greenwich Observatory (RGO), Hathaway et al. (2002) found a good correlation between the group sunspot number and the sunspot areas. These original sunspot drawings contribute to our understanding for the space weather studies, due to these multiple information for their areas, positions, morphologies, and evolutions (e.g. Silverman and Cliver, 2001; Tsurutani et al., 2003; Cliver and Svalgaard, 2004; Willis et al., 2006 Willis et al., , 2009 Vaquero et al., 2008; Cliver and Dietrich, 2013; Shibata et al., 2013; Aulanier et al., 2013; Hayakawa et al., 2016 Hayakawa et al., , 2017c Hayakawa et al., , 2018c Hayakawa et al., , 2018d Hayakawa et al., , 2018e, 2019 Lefèvre et al., 2016; Toriumi et al., 2017) .
While sunspot observations are geographically concentrated in Europe before the mid 19th century, recent studies have recovered several observations from non-European regions (e.g. Denig
Method
In this section, we first describe the source documentation of Kunitomo's sunspot observations and briefly review his telescopes. Then, we examine Kunitomo's method of observing sunspots with his telescope and explain how we derive indices of solar activity such as sunspot group numbers and sunspot areas from his record. We compare the relationship between his group number and the total area of sunspots to evaluate their consistency (see, Hathaway et al., 2002) . Finally, we compare the obtained indices of solar activity with those from solar observations by European astronomers and contextualize his observations in our understanding of solar activity in the mid-19th century. , Solar Physics, preprint Kunitomo's Sunspot Drawings in 1835 -1836 
Source Documentation
An archive of the Kunitomo family (hereafter, Kunitomo Archive) is currently preserved as microfilms as well as printouts in Nagahama City Museum. In this archive, three series of records contain sunspot observations (Ota, 2003) . Kunitomo referred to a sunspot as a black spot (黒点, kokuten) , in the same way as most of the Japanese sunspot records since 851 (Yamamoto, 1960; Hayakawa et al., 2017d Hayakawa et al., , 2018a Hayakawa et al., , 2018b S is a record of astronomical observations in a scroll form. Its contents are mainly sunspot drawings of the whole solar disk, while some astronomical observations such as drawings of the planet Saturn are also recorded. Kunitomo started astronomical observations in February 1835, using the Gregorian calendar (late 1st month in the 6th year of Tenpo period in a Japanese luni-solar calendar) as the title of S tells. Figure 1 shows an example of sunspot drawings in S. In S, solar disks are drawn in two rows and placed in order of date. Disks in the upper and lower rows show sunspot observations in the morning (around 8 local time, LT) and afternoon (around 16 local time, LT) of a day, respectively. His continuous observations of sunspots were carried out from 3 February 1835 to 24 March 1836 (from the 1st month 6th day in the 6th year to the 2nd month 8th day in the 7th year of Tenpo period). The conversion of Japanese luni-solar calendars to Gregorian ones is based on Uchida (1992) . Kunitomo's observational period falls in the ascending phase of the Solar Cycle 8 , Solar Physics, preprint Kunitomo's Sunspot Drawings in 1835 -1836 (see . P is also a record in scroll form that is totally dedicated to sunspot observations. This document contains sunspot drawings from 2 to 24 September 1835 in the Gregorian calendar (from the 7th month 15th day to the 8th month 3rd day in the 7th year of Tenpo period). Sunspot drawings are presented in the same manner as the document S.
I is a single paper document dedicated to sunspot observations at approximately 8 LT on 25
September 1836 (the 8th month 15th day in the 7th year of Tenpo period). Figure 2 displays a sunspot drawing in I. For this sunspot observation, gray areas are shown around black areas of the sunspots, while these are hardly seen in the drawings in documents S and P.
Telescopes Used in Knitomo's Observations
Here, we briefly review Kunitomo's telescopes. Kunitomo produced a Gregorian reflecting telescope with speculum metal mirrors by himself for the first time in 1833, inspired by contemporary telescopes from the Netherlands (Yamamoto, 1937; Tomita et al., 1998; Ota, 2003; Kubota and Suzuki, 2003) . Four of his telescopes, which have a brass mirror tube and pedestal, are currently known. All of them have a Huygens eyepiece (Tomita et al., 1998) a zonglas (sunglass in Dutch), a colored filter glass to reduce the light passing through, which was imported to Japan until the mid 18th century from the Netherlands (e.g., Zuidelvaart, 1993; Hayakawa et al., 2018a Hayakawa et al., , 2018b . These telescopes were investigated by Tomita et al. (1998) and Ota (2003) . The earliest known telescope by Kunitomo is dated 1834 and is currently preserved in the Ueda City Museum. This telescope is 365 mm in length, 62.0 mm in inner diameter, and 68.5 mm in outer diameter for the mirror tube, and has a ball head mount. The first telescope was dedicated to Takashima Fief, although it is not known when this occurred. The second telescope is dated in 1836. It is 334 mm in length, 62.2 mm in inner diameter, and 68.2 mm in outer diameter for the mirror tube, and has an altitude mount. This telescope was dedicated to the chamberlain of Osaka in 1836. The third telescope is undated but considered to have been produced after the first two telescopes since its prop is improved to be movable. This telescope is 348 mm in length, 61.6 mm in inner diameter, and 69.0 mm in outer diameter for the mirror tube, and has an alt-azimuth mount. It was dedicated to the Hikone Fief in 1842. The fourth telescope is preserved in the household of Kunitomo family without an inscription of dating. Nevertheless, it has the same improvement in its prop, similar to the third telescope. Only its length is known to be 345 mm. The optical system of Kunitomo's telescope was studied by Tomita et al. (1998) . The earliest telescope has a 60 mm primary mirror, an 11.1 mm secondary mirror, and a focal length of 3,520 mm. Therefore, this telescope with the Huygens , Solar Physics, preprint Kunitomo's Sunspot Drawings in 1835 -1836 eyepiece, which has a focal length of 53.4 mm (Tomita et al., 1998) , obtains a magnification of about 66 times.
While it is not known which telescope was used in his sunspot observations, we can exclude three of the telescopes except for the first one, as they were built after the start of his observation on 2 March 1835. At the same time, we also need to be aware that the production of the earliest telescope by Kunitomo was in 1832. Considering this, it is also possible that none of the four telescopes is the earliest one produced by Kunitomo, and the telescope in use in his sunspot observations may not have been preserved.
Kunitomo's Method of Drawing Sunspots
Here, we describe Kunitomo's method of drawing sunspots with his Gregorian telescope. Tomita et al. (1998) pointed out that Kunitomo Toubei probably drew sunspots on a Japanese paper using a writing brush and Chinese ink and hence it may not be possible to distinguish umbrae and penumbrae in a sunspot due to the run of ink on the paper. We confirm that the sunspots have no clear penumbrae in documents S and P, whereas the document I shows dark spots with dim structures, which possibly indicate sunspots with penumbrae (Yamamoto, 1937) . We note that the disks in I have a larger size than the disks in S and P. Hence, it is suggested that the absence of penumbrae in S and P stems not from the astronomical instrument used, but from the drawing method.
The document I has a sunspot drawing of the whole solar disk with a caption, which has a sentence detailing the daily motion of sunspots. From this part of the caption and the sunspot drawing, we can roughly determine the directions of the solar equatorial line and of the solar differential rotation. For a large sunspot group in the first quadrant of the sketch in Figure 2 , which may be identified as an F-type group in the Zürich classification (Waldmeier, 1947; Kiepenheuer, 1953 ), we determine the major axis of this sunspot group. Since the major axis makes an inclination angle of a few degrees with the solar equator (Joy's law; Hale et al., 1919) , we find that the solar equatorial line is drawn from the bottom left to top right in the solar circle in the document I. The identified direction of the equatorial line is consistent with the direction of the daily sunspot motion described in the caption. Furthermore, from a comparison between the sunspot drawings in successive days in documents S and P, we find that the solar equatorial line is again drawn approximately from the left to right or from the bottom left to the top right for most of the sunspot drawings made in the morning, and from the top to bottom or from the top left to the bottom right for most of those made in the afternoon. , Solar Physics, preprint Kunitomo's Sunspot Drawings in 1835 -1836 The daily motion of sunspots indicated in S suggests that Kunitomo watched sunspots through his telescope with the zonglas, colored filter glass, and drew them on a paper using the drawing tools previously mentioned. Tomita et al. (1998) also presented a similar suggestion. In other words, Kunitomo probably did not use a projection technique for these sunspot observations. Therefore, the data related to the sunspot position of Kunitomo's observations have less accuracy than those from sunspot observations based on the projection method. In fact, we found that sunspot groups occasionally changed their latitudinal location by more than 10 degrees in successive drawings. We therefore consider that Kunitomo's sunspot drawings have the sufficient quality to estimate the daily number of sunspot groups but not to locate the positions of the spots. This is the reason why we evaluated the uncertainty of sunspot locations in Kunitomo's sunspot drawings in comparison with those in Schwabe's drawings (Arlt et al., 2013) .
Identification of Sunspot Group from Kunitomo's Solar Observations
We interpret sunspot groups in the sunspot drawings of S and P, based on the Zürich classification as defined in Kiepenheuer (1953) . Before grouping the sunspots, we determined the direction of the solar rotation for each sunspot drawing because Kunitomo did not indicate this information.
Sunspots with relatively large sizes such as D, E, and F-type groups in the Zürich classification system have longer lifetimes and their longitudinal extension is larger than their latitudinal extension.
We infer the position of the solar equator from the major axis of relatively large sunspots in the sunspot drawings. The fact that the relative position between sunspot groups is maintained for several days helps us to determine the direction of the solar rotation from a comparison between sunspot drawings on successive days.
For sunspot drawings for which the solar equator was found, we classified them into different categories based on the Zürich classification system with the following criteria: (1) If a small sunspot is distant from a larger one by five degrees or more in the latitudinal direction, it is classified as another group. (2) If a small sunspot appears in the vicinity of a larger one in the longitudinal direction, it is interpreted as part of the larger developing sunspot group. After considering the classification of the sunspot groups, we counted the daily number. Figure 3 shows examples of the sunspot classification with our criteria for drawings made in the afternoon on 6 and 7 September 1835. It is found from a comparison between these drawings that the direction of solar rotation is from the top left to the bottom right. We identified four sunspot groups in both of the drawings. afternoon on 6 and 7 September 1835. Left and right panels display the 6 and 7 September drawings, respectively. Each of the sunspot groups is enclosed by a red ellipse. In the 6 September drawing, dark features without a red ellipse are characters for the identification of sunspots.
Scaling the Sunspot Area
In order to scale sunspot areas in these drawings, we performed the following procedures. Here, we use document S, which contains the largest number of sunspot drawings in the documents of Kunitomo's solar observation. Document S is photographed and digitized with an 8 bit grayscale level, and the brightness is expressed from 0 to 255 (2 8 -1). Firstly, we cut out solar disks from each image. Next, we apply an elliptical fitting to these solar disks and reform them accordingly so that the ellipse becomes a circle, after subtracting the background by the method in the Section 2.2 of Toriumi et al. (2014) . Then, we determine the center position and radius of the solar disks.
Secondly, we make a binary map of the background for each disk in order to extract sunspots. In this process, we use the intensity threshold of 255 -5σ for the background, where σ means the standard deviation of the brightness for the reformed images, and is given as 11.9. Using the binary map, sunspots are extracted from the reformed images.
Thirdly, we project the extracted sunspots to a plane using a sinusoidal projection in order to measure an area for the spots. For this projection, the area per pixel is the same everywhere and is set as 1.474×10 6 km 2 ≈ 0.484 msh in this study 1 . After performing this processing, we examine the total sunspot area on each disk.
Determination of the Solar Rotation Axis
We determined the solar rotation axis to estimate the accurate position (latitude and longitude) of the sunspot groups in Kunitomo's drawings. Determining the rotation axis is not straightforward, because Kunitomo sketched the solar disk not by projection but by direct vision through a filter. The time unit system at that time, which had roughly one-hour variation back and forth (Uchida, 1992; Soma et al., 2004) , is also one of the sources of the uncertainty. Further, the longest series S does not come from the original observational sheets but is a summary from the original sheets, as shown in the philological discussions in this article. Therefore, we evaluated the uncertainty of locations of sunspot groups in Kunitomo's sunspot drawings in comparison with those of Schwabe (Arlt et al., 2013) , who is known as a contemporary backbone observer for modern sunspot number reconstruction (Svalgaard and Schatten, 2016) .
Results

Two Manuscripts for the Same Observational Dates in September 1835.
P and S provide us with sunspot observations on the same day and time, which implies that one of them is the original observation sheet while the other is its compilation. Figure 4 shows a comparison of sample drawings from the same observational time from P and S. Yamamoto (1935) considers P to be the original sheet and S as the copy, probably due to their time span in his Note 2.
The arrangement of the observational time of the sunspots seems to support his idea. In P and S, the circles in the upper row represent observations in the morning and those in the lower row highlight observations in the afternoon. We suggest two reasons why P is an original sheet. Firstly, P has three blank disks in the lower row, which are drawn but observations are not shown (13, 15, and 17 September 1835), while S has days without disks in the lower row. Secondly, on 4 September, P has the observation in the morning drawn in the lower row, where the afternoon observations should be drawn, while S has that observation drawn in the upper as usual. Therefore, it seems that Kunitomo drew the observation in the wrong position in P, and he rewrote that observation in the correct position when he compiled S. For these reasons, we conclude that P is a part of the original observation sheet and S is its compilation. Unfortunately, P covers only 17 days in September 1835, while S covers 156 days in total 2 . This means that the majority of these original sheets are currently lost or at least not available. Yamamoto (1935) suggests that there were also original sheets of sunspot drawings on 3, 9, 11, and 16 April 1835, but they are not found or confirmed in the microfilms currently available at the Nagahama City Museum. The observational time of these drawings is approximately 16 LT on 6 September 1835. We note that the three black spots on the left-hand side of P are not present in S.
Raw Group Count to Add
The sunspot record for 25 September 1836, is newly recovered from I. The group number for this day was not registered in any of the previous studies. We hereby classify the sunspots into different classes of the Zürich classification system and obtain the raw group count (RGC) of seven from this drawing. Figure 5a shows how we classify sunspots into seven groups in Kunitomo's sunspot drawing (I) using Zürich classification. It is noted that this sunspot drawing is much more detailed than the other drawings in S and P and shows black spots surrounded by gray zones, which presumably correspond to umbrae with penumbrae (see Section 2.3). Yamamoto (1937) considered that it was in September 1836 when Kunitomo first noticed the umbrae and penumbrae. We contextualize Kunitomo's observations in the latest archive of raw group counts by known sunspot observers in the database of Sunspot Index and Long-term Solar Observations (SILSO) . This database shows a gap of three days without known observations within the records on 22 September by Schwabe, on 26 September by Stark, and 27 September by Schwabe (see, Figure 5 right panel). Figure 6 shows the newly obtained Kunitomo's RGC on 25 September and the RGCs by known observers in the epoch between 1 September and 21 October 1836. We consider this observation by Kunitomo to be in good agreement with the contemporary observations by Schwabe, Stark, and Hussey, in terms of their RGCs. We also examine the distribution of , Solar Physics, preprint Kunitomo's Sunspot Drawings in 1835 -1836 sunspots in the Kunitomo's sunspot drawing (I) and that in a contemporary observation. Figure 5 shows positions of sunspot groups in Kunitomo's observation (I) on 25 September and those from Schwabe's observation on 27 September. The latter is reconstructed based on the data of sunspot area and sunspot position in Arlt et al. (2013) . Schwabe identified five sunspot groups on 27
September 1836. We note that sunspots on the left panel of Figure 5 seem to have a larger size than their actual one and their latitudinal locations have less accuracy due to Kunitomo's methodology for the sunspot observation as mentioned in the Section 2.3. We will discuss the difference between sunspot area of Kunitomo's drawings and umbral area of Schwabe's drawings in Section 4.
Nevertheless, Figure 5 shows Kunitomo and Schwabe recorded the same sunspot groups in their sunspot drawings, although they had a different drawing technique. We find four of the same sunspot groups, which are indicated with letters, in both of observations when comparing the left and right panels in Figure 5 regardless the facts that the solar equatorial line is drawn from the bottom left to the top right in Kunitomo's observation (I) and that Schwabe made his sunspot drawing two days later Kunitomo's observations. It is noted that sets of the a1 and a2 groups and of the b1 and b2 groups in the Kunitomo's drawing are classified into the a and b groups in the Schwabe's observation, respectively, and this difference in grouping stems from the difference between Zürich classification (Kiepenheuer 1953 ) and Schwabe's classification. From this example, we consider the Kunitomo's sunspot drawing on 25 September 1836 to be reliable in terms of the relative distribution of sunspot groups. 
RGC to Remove or Revise
We revise some RGCs based on the description of the microfilm. We recounted all the sunspot groups in Kunitomo's observations according to Zürich classification (Waldmeier, 1947; Kiepenheuer, 1953) to make these data consistently comparable with modern observational data (see also .
In this process, we have also revised some dates of Kunitomo's observations and resolved data with discrepancies in previous studies. Firstly, we examine the discrepancy in RGCs for five days, i.e. 11, 12, 13, 17, and 19 May 1835 in the previous studies. While Kanda (1932) and Yamamoto (1935) register these observations, Tomita et al. (1998) omitted them. We carefully resurveyed the microfilms in Nagahama City Museum and found these observations in the 11th frame, while they are not present in the printouts stored in the same museum. We therefore include these five observations in our list.
Secondly, we remove the observation on 10 February 1835 since this is not a spotless day, but a 13 day without observations. Kunitomo states he did not observe during this period (S, page 4). This means that he did not make observations on this day and hence we cannot determine the real group count. Schwabe reports two sunspot groups on the same day (e.g. Vaquero et al., 2016) .
Thirdly, we revise the observation date for a sunspot drawing in the 32nd frame of S from 26 January 1836 to 28 December 1835, based on its original description. The description is written as the "9th day in the same month" in the section of the 11th month, while it appears after the "17th day in the same month". Kanda (1932) , Yamamoto (1935) , and Tomita et al. (1998) interpreted this as the 9th day in the "12th month", putting emphasis on the chronological order from right to left.
While we do not discard this possibility, one should also consider the possibility that S is compiled from the original observational reports (e.g. P). In this case, it is not too surprising to expect chronological disorder in S. After all, we need to note that the observational date of this record is doubtful.
Lastly, we note that the afternoon observation on 5 September 1835 is included in Yamamoto Lists of Kunitomo's revised RGCs from S and P are given in Tables 1 and 2. Table 1 contains RGCs from this study with RGCs from Kanda (1932) , Yamamoto (1935) , and Tomita et al. (1998) for S. In this table, month, day, and time are given as a local mean time at the Kunitomo's observational site, i.e. the Kunitomo Village (N35°25′, E136°17′) in Japan. Table 1 and Figure 7 confirm that our revised RGCs for Kunitomo's observations is consistent with the RGC values from the previous studies in its trend. Table 2 provides RGCs from P and I. Figure 7 shows that Kunitomo's RGC is consistent with other observers' RGCs in its trend but generally smaller than those of other observers derived from the archive of RGCs of known sunspot observers Examinations of an archive of RGCs by Vaquero et al. (2016) and two sunspot drawings by Schwabe published in Arlt (2011) and Arlt et al. (2013) tell us that these RGCs by Schwabe in the archive probably equal the number of sunspot groups classified by Schwabe himself. Schwabe considered a sunspot group as a cluster of sunspots, which was isolated and not connected to other clusters of spots or cloud-like feature (Svalgaard and Schatten, 2016) . Nevertheless, we consider that a difference between Schwabe's and Zürich classifications does not explain all the reasons why Kunitomo's RGC became two thirds as much as those of Schwabe's RGC, because a group counting with the Zürich classification in the Schwabe's drawings give an RGC close to Schwabe's one. , Solar Physics, preprint Kunitomo's Sunspot Drawings in 1835 -1836 Therefore, it is more plausible than the underestimation of Kunitomo's RGC might have been caused by Schwabe's superior instruments and techniques in comparison to Kunitomo's. Schwabe used two Keplerian telescopes, i.e. a 3.5-and six-feet telescopes, to observe sunspots since 1826 and 1829, respectively (Arlt, 2011) . He reduced the apertures to 1.75 inches for the 3.5-feet telescope and 2.5 inches for the six-feet telescope for solar observations (Johnson, 1857) and watched sunspots through his telescopes with a magnification of 45 -96 times and dimming glasses (Johnson, 1857; Arlt, 2011) . The Gregorian reflectors operated by Kunitomo had the disadvantage of thermal air convection within a mirror tube, which could have affected the quality of the solar image, in comparison to the Keplerian refractors used by Schwabe. Kunitomo observed sunspots at approximately 8 LT and/or 16 LT, while Schwabe took sunspot drawings at noon (Arlt, 2011) . A low solar altitude also led to less ideal observational conditions. Therefore, we consider that Schwabe overlooked fewer spots than Kunitomo's S series, thank to his observational instruments.
Discussion
Additionally, we must note the possibility that Kunitomo omitted some spots when he compiled S from P as shown in Figure 4 . From a comparison between RGCs on the same days in Tables 1 and   2 , one may note that 16 of the 32 drawings in P have smaller numbers than S. We notice that occasionally, S does not have some spots drawn in P.
Although Kunitomo's sunspot observation suffered from instrument restrictions and methods, as mentioned above, the series of Kunitomo's drawings is still important, since he was the second most active observer during 1835 --1836 after Schwabe. This may contribute to strengthen the known temporal variation of RGC obtained by other contemporary observers in further detail. 3 It is known that the monthly mean value of the total sunspot area and the group sunspot number have a good correlation with each other. According to Hathaway et al. (2002) , the correlation coefficient is 0.988. Here, we evaluate the reliability of sunspot areas in Kunitomo's drawings by examining the aforementioned relationship. It should be noted that Hathaway et al. (2002) used the group sunspot number of Schatten (1998a, 1998b) derived from the RGCs of various observers, while we use the RGCs derived from Kunitomo's document S. We calculate the correlation between the monthly mean total sunspot areas and the monthly mean RGCs of Kunitomo's observations. We also calculate Schwabe's observations in the same time period as Kunitomo. We obtained Schwabe's RGC from Vaquero et al. (2016) and the umbral areas from Senthamizh Pavai et al. (2015) . In this analysis, we define the sunspot area as the sum of the umbrae and penumbrae in Kunitomo's drawings since Kunitomo does not distinguish umbrae and penumbrae except for I, while only the umbral areas are used for Schwabe's observations. respectively. S Kunitomo has a weaker correlation coefficient (CC) for RGC with a slightly looser fit than S schwabe does. Figure 9 shows that the sunspot areas from Kunitomo's observations (S Kunitomo ) has a slightly worse correlation than that those from Schwabe's observations (S Schwabe ). We obtain a correlation coefficient of 0.71 for Kunitomo and 0.82 for Schwabe. Considering that we only have 14 data points in Figure 9 , the obtained correlation coefficient of 0.71 for Kunitomo is relatively high and thus his spot areas may reflect the actual solar conditions to some extent. 183512 (n=10) 183511 (n=11) 183510 (n= 8) 183509 (n=23) 183508 (n=21) 183507 (n=11) 183506 (n= 8) 183505 (n=17) 183504 (n=20) 183503 ( (n=14) 183602 (n=12) 183601 (n=16) 183512 (n= 6) 183511 (n=14) 183510 (n=13) 183509 (n= 8) 183508 (n= 1) 183507 (n=11) 183506 (n=11) 183505 (n=14) 183504 (n=14) 183503 (n=10) 183502(n= 9) RGC=p*10 -3 S Schwabe +q p= 14.9 q= 1.00+/-0.64 CC=0.82 (b) areas from Schwabe's sunspot drawings (S Schwabe ), but that the variation trends of S Kunitomo and S Schwabe are similar to each other. Considering the ratio of umbra to penumbra is generally about 5 times (Brandt et al., 1990) , it should be noted that the difference is considerably large and that Kunitomo's observations may be relatively exaggerated. We have two hypotheses to explain this discrepancy. One is that Kunitomo used ink and brush to draw sunspots and hence each sunspot is occasionally connected. The other is related to the blur of each sunspot drawn in ink. The large discrepancy between the areas of Kunitomo's sunspot drawings produced with brush and ink and those of Schwabe causes us to speculate that the spot areas of other observers who similarly use brush and ink such as Iwahashi Zenbei (Hayakawa et al., 2018a (Hayakawa et al., , 2018b S Kunitomo /20 S Schwabe Group Number (Hoyt&Schatten,1998) phase of the Solar Cycle 8, from the minimum of 1833 to the maximum of 1837 (e.g. Svalgaard and Schatten, 2016) . Therefore, although Kunitomo's drawings are less reliable than those of Schwabe, we consider that he tried to depict the spot areas for as long as his skills and instruments permitted, and as a result, he captured at least the growing trend of the solar activity. In the same way as Figure 10 shows the time evolution of sunspot areas, it would be helpful to consider the contribution of the random component for the sunspot areas in Kunitomo's sunspot drawings based on how well the residuals fit the normal distribution. We calculated the residuals subtracting the smoothing lines from data points in Figure 10 . We generated the histogram with a bin size set as 10. We then made a Gauss fitting to the obtained histogram as shown in Figure 11 . As a result, we obtained a smaller value of C (σ ≈ random component) in Kunitomo. As we find Kunitomo's sunspot area is 20 times as large as Schwabe's umbral area, we multiply this factor (x20) to C in Kunitomo. Then, we conclude that the contribution of the random component is in the profiles. We have checked that the average values are almost 0.
We also try to estimate the solar rotation axis in Kunitomo's sunspot drawings. As we mentioned in Section 2.6, it is not straightforward to determine the locations of sunspot groups or reconstructing the butterfly diagram from Kunitomo's sunspot drawings. We try to evaluate the uncertainty of locations of sunspot groups in Kunitomo's sunspot drawings in comparison with those of Schwabe (Arlt et al., 2013) , a contemporary backbone sunspot observer in and Svalgaard and Schatten (2016) . We use the information of sunspot locations obtained from the Schwabe's sunspot observations (Alrt et al., 2013) as the reference to calibrate the solar rotation axis direction of Kunitomo's sketches. We calibrate the sunspot locations of Kunitomo's drawings by the method discussed in Section 2.6. Specifically, we derotated the solar images so that the rotation axes are aligned to the vertical direction, using the following steps. First of all, we calculated the theoretical tilt angle of the solar rotation axis for each Kunitomo's sunspot drawings according to the observed timings. The tilt angle is obtained by following equation.
In this formula, is the tilt angle of the solar image, is the latitude of the sunspot location, and are the hour angle and the declination of the Sun, respectively. We tentatively derotated the solar images using this tilt angle and obtained the preliminary corrected images. Nevertheless, we need to note that the observation timings in Kunitomo's observations are not so accurate, due to the contemporary time system (Uchida, 1992) . Therefore, we performed a further adjustment on the images using Schwabe's sunspot drawings as reference. We rotated the preliminary corrected images step by step and obtained the rotation angle that best matches Kunitomo's and the reference Schwabe's drawings. Finally, we derived the most likely direction of the solar rotation axis for Kunitomo's drawings. Figure 12a shows the histogram of the measured sunspot latitude distribution for the three datasets: Kunitomo's preliminary corrected drawings, finally calibrated drawings, and Schwabe's reference drawings. The horizontal axis shows the observed sunspot latitudes, and the vertical axis shows the occurrence of the sunspots normalized by the observed total number of sunspots. The sunspot distributions of preliminary-corrected Kunitomo's observations and finally-calibrated Kunitomo's and Schwabe's observations are plotted in red, blue, and black solid lines, respectively. In Figure 12a , we can see two peaks for Schwabe (black) and calibrated Kunitomo (blue), which is a result consistent to a butterfly diagram. Please note that our results are derived from around one year data. On the other hand, when we estimate the solar rotation axis using , Solar Physics, preprint Kunitomo's Sunspot Drawings in 1835 -1836 the time information only, the histogram of sunspot latitude (red) shows a single peak around the equator. Figure 12b shows the histogram of an additional rotation angle required when matching the preliminary-corrected Kunitomo's drawing and Schwabe's observations. Because the standard deviation of the rotation angle (σ) is 18.4 degrees, there might be ≈ 20 degrees uncertainty for the rotation axis in Kunitomo's drawings. This uncertainty might arise from the imprecision of observation timing, mispositioning of sketched sunspots (due to Kunitomo's drawing ability and atmospheric seeing). It is also noted that the peak of the histogram offsets to about -10 degree. This might imply that the time in Kuniomo's observations had a systematic delay, the timing information has been written on the sketch before the sunspot drawing started, Kunitomo had a tendency to tilt his head to the left when observing the Sun through the telescope, or the sketching paper tilted counter-clockwise slightly. 
Conclusion
In this article, we revisited Kunitomo's sunspot drawings to obtain the RGCs as well as the total spot areas. Firstly, we clarified that Kunitomo left three kinds of sunspot drawings and reviewed his Gregorian reflecting telescopes. We then grouped the sunspots in his drawings by following the Zürich classification and derived daily RGCs. The RGC for 25 September 1836, was obtained for the first time in this study. We also updated RGCs for other days according to the Zürich classification, which is consistent with the modern classification method. By comparing the obtained RGCs with those of contemporary observers, we found that Kunitomo results tend to provide a smaller number for the RGCs. We measured the sunspot areas from Kunitomo's drawings and confirmed that the areas correlate with the RGCs. Although Kunitomo's spot area is generally much larger and thus less reliable than that of Schwabe, we found that both Kunitomo's RGCs and the spot areas increase as time progresses, which is fairly reasonable because his observation period is situated in the ascending phase of the Solar Cycle 8. Therefore, we conclude that Kunitomo's sunspot drawings can contribute to a reconstruction of past solar activity despite its smaller RGCs and large sunspot areas. On the other hand, it appeared that the sunspot locations of Kunitomo's observation are not necessarily reliable enough due to his observational method, error value of observational time, and handwritten copy process to the summary sheets (S) from the original sheet.
Using Schwabe's sunspot observations we estimate the solar rotation axis, and we find an uncertainty ≈ 20 degrees for the rotation axis in the Kunitomo's drawings. Table 1 RGC catalog for S and its comparison to previous studies: K32 (Kanda 1932) , T98 (Tomita et al., 1998) , Y35 (Yamamoto, 1935) . Yamamoto and we distinguish morning and afternoon. In this 
